T he natural history of aortic stenosis is characterized by a protracted latent period accompanied by the development of left ventricular hypertrophy (LVH) as a compensatory mechanism to reduce wall stress. Although the operative mortality for aortic valve replacement (AVR) in the United Kingdom has remained Ϸ3% despite an increasing elderly population with a greater risk profile, 1 the presence of LVH is associated with increased risk and severity of postischemic myocardial injury and contractile dysfunction after AVR. 2 LVH is also associated with an increased risk of postsurgical complications such as respiratory failure, renal failure, heart failure, and arrhythmias, 3 and it has been identified as an independent predictor of in-hospital mortality after AVR. 4 The increased risk associated with LVH is attributable, at least in part, to inadequate myocardial protection including: from a combination of inadequate delivery of cardioplegia through a less dense capillary bed, 5 increased diffusion distance for oxygen/metabolites from capillary to myocytes, 6 impaired myocardial metabolism characterized by a shift away from free fatty acid use, 7 uncoupling of glycolysis and glucose oxidation, 8 and an increase in expression of mitochondrial uncoupling proteins, 9 all resulting in a reduction in the ratio of phosphocreatine to ATP. 10 The resultant early postischemic left ventricular dysfunction may not only prejudice late reverse remodelling of LVH after AVR and reduce the prognostic benefits of surgery, but may also predict the potentially important role of metabolic interventions.
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Although the cardioprotective properties of glucoseinsulin-potassium (GIK) remain controversial, in part because of the different contexts, doses, timing, and protocol of GIK used in different studies, there is a growing consensus supporting the utility of GIK in cardiac surgery. 11, 12 Multiple complementary mechanisms may contribute to GIK-related myocardial protection: (1) suppression of lipolysis, resulting in a reduction of circulating levels of free fatty acids available for cardiac metabolism [13] [14] [15] [16] ; (2) an increase in insulin-related glucose flux and myocardial oxygen efficiency, increasing cardiac energy provision (ie, glycolytic ATP), 17 which may augment myocardial glycogen levels 18 -20 and may mitigate the consequences of low myocardial pH 21 ; (3) beneficial augmentation of tricarboxylic acid intermediates (anaplerosis) 22 ; and (4) through the pleiotropic signaling properties of insulin, including its antiapoptotic properties acting via phosphatidylinositol 3-kinase (PI3K), it may directly reduce myocardial injury. 23 Activation of a cascade of what have been called reperfusion injury salvage kinases such as PI3K/protein kinase B (Akt) and AMP-activated protein kinase (AMPK), which have an established role in insulin signaling, 24 may also have a role in cardioprotection. 25 In addition to these established posttranslational modifications (eg, phosphorylation), insulin may promote modification of serine and threonine residues in proteins by O-linked ␤N-acetylglucosamine (O-GlcNAc). 26 However, the pertinence and contribution of these mechanisms in clinical context, especially in human LVH, remain speculative and unclear.
Although the results of AVR continue to improve, some patients exhibit a low cardiac output episode (LCOE) characterized by a period of left ventricular dysfunction requiring inotropic support. In some patients, this dysfunction is severe and prolonged, and the morbidity and mortality associated with LCOE continues to be substantial. 27 In patients undergoing AVR with LVH, LCOE has been identified as the most common cause of death. 4 In addition to increasing resource allocation, in the long term, myocardial injury sustained during surgery may result in heart failure. The need to improve myocardial protection in patients with LVH is well recognized and may reduce mortality, morbidity, and the resource implications of heart surgery. We report here a single-center, prospective, double-blind, randomized controlled trial to investigate the effect of GIK on the incidence of LCOE in patients with aortic stenosis and LVH undergoing AVR, either in isolation or in combination with coronary artery bypass grafting (CABG). To test the hypothesis that any cardioprotection delivered by GIK is contributed to by rapid and diverse posttranslational modifications, we assessed any changes in the established insulin-related signaling molecules Akt and AMPK and any increase in protein O-linked ␤-N-acetylglucosamination (O-GlcNAcylation) in left ventricular biopsies from GIK-treated patients compared with control subjects.
Methods
An expanded Methods section appears in the online-only Data Supplement.
Study Design
We performed a prospective, single-center, double-blind, randomized, placebo-controlled trial of GIK in patients undergoing isolated AVR plus CABG with echocardiographic evidence of LVH as defined by a left ventricular mass index Ͼ134 g/m 2 for men or 100 g/m 2 for women. 28, 29 
Surgery, Anesthesia, Cardiopulmonary Bypass, and Myocardial Protection
Anesthesia, cardiopulmonary bypass, and myocardial protection with intermittent antegrade cardioplegia using St Thomas solution buffered in cold blood were all standardized as previously described, 11 except that aprotinin (Bayer) was used in all patients according to the departmental blood conservation strategy during this time, phenylepherine was used as the first-line vasoconstrictor, and patients were cooled to 32°C on bypass. Surgical technique was also standardized. In patients undergoing concomitant revascularization, distal anastomoses of all free grafts were performed first. Proximal graft anastomoses were performed during a period of partial aortic clamping. If the ascending aorta was dilated, it was replaced with a Gelweave interposition graft (Vascutec, Terumo, Renfrewshire, Scotland).
End Points
The primary outcome was the incidence of LCOE. This was defined a priori as a cardiac index of Ͻ2.2 L ⅐ min Ϫ1 ⅐ m Ϫ2 refractory to appropriate intravascular volume expansion after correction or at-tempted correction of any dysrhythmias. 30 In the case of inotropic support being instituted as a result of an LCOE, a blinded end-points committee assessed all data. To qualify as an LCOE, a unanimous verdict was sought, but in the event of disagreement, contentious cases were discussed and a consensus opinion was reached. Secondary end points included comparison of cardiac index and the use of inotropes and vasoconstrictors. Perioperative myocardial infarction, assessed by an independent blinded cardiologist, was defined by the presence of new Q waves Ն2 mm in Ն2 contiguous leads by postoperative day 4.
Statistical Analysis
All prespecified analyses were conducted according to the intentionto-treat principle. The study had a statistical power of 80% to identify a relative risk of 0.50, which was statistically significant given an incidence of LCOE in the control group of 0.37 and a conventional 1-sided ␣ of 0.025. Analyses were conducted with SAS software (version 9.1, SAS Institute, Inc, Cary, NC). P values other than for the primary end point were nominal. Dichotomous outcomes were analyzed with the use of nonlinear mixed models, which included CABG as a patient-level covariate and surgeons as random effects. Continuous data were analyzed with the use of mixed models, which included CABG as a patient-level covariate and surgeons as random effects. 31 The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree the manuscript as written.
Results

Study Population
A total of 220 patients were eligible for randomization; however, a pulmonary artery flotation catheter could not be placed in 3 patients, so they were excluded from the study. In total, 107 patients were randomized to receive the control infusion and 110 were randomized to receive the GIK infusion ( Figure 1 ). Baseline preoperative characteristics were similar between the groups (Table 1 ). There were no differences in demographics and risk profiles between the groups, with a median European System for Cardiac Operative Risk Evaluation (EuroSCORE) in the GIK arm of 4.4 (interquartile range [IQR], 2.7 to 7.1) and in the control arm of 4.5 (IQR, 2.9 to 7.7). We found that 191 patients had lone aortic stenosis and 29 had mixed aortic valve disease, of which the predominant lesion was aortic stenosis. All patients had preoperative transthoracic echocardiography (Table 1 ). There were 146 patients scheduled for isolated AVR and 75 patients scheduled for concomitant CABG. Two of the 75 patients scheduled for additional CABG did not receive this additional procedure because of small coronary arteries. Seven patients underwent additional procedures. One patient underwent mitral valve annuloplasty. One patient was found to have a structurally normal and noncalcified aortic valve, and the outflow tract obstruction was due to an undiagnosed subaortic membrane, which was resected. Five patients underwent ascending aortic replacement as a result of poststenotic dilatation. Median bypass and cross-clamp times were similar in both groups, as was the number of bypass grafts required. Valve choice was at the discretion of the surgeon; a wide variety of prostheses were used.
GIK administration is associated with hyperglycemia; therefore, all patients in this trial were closely monitored with hourly blood glucose measurements throughout the study period. Patients with hyperglycemia were treated aggressively with supplemental insulin aiming for a blood glucose Ͻ10 mmol/L. Despite this approach, patients randomized to GIK demonstrated a rise in blood glucose that was maintained throughout the infusion period (mean reperfusion glucose, 11.8 mmol/L for GIK-treated patients versus 7.3 mmol/L for control subjects; Pϭ0.01). Once the period of GIK infusion had ended, blood glucose levels were similar between the groups (mean glucose, 7.3 and 7.7 mmol/L for the GIK and control groups, respectively; Pϭ0.78; Figure 2 ). GIK infusion was accompanied by a similar rise in insulin levels to Ͼ4 times baseline (mean reperfusion, 478 and 66 U/mL for the GIK and control groups; Pϭ0.0001), which returned to baseline after discontinuation of GIK therapy. The high level of insulin associated with GIK also led to suppression of plasma free fatty acids throughout ischemia and the 6-hour period of reperfusion during which GIK was infused (mean reperfusion, 483 and 892 U/mL for the GIK and control groups; Pϭ0.0001).
Primary Outcome
An LCOE was diagnosed in 47 patients: 11 of 110 (10.0%) in the GIK group and 36 of 107 (33.6%) in the control group. The use of GIK was associated with a significant reduction in the incidence of low cardiac output state (odds ratio, 0.22; 95% confidence interval, 0.10 to 0.47; Pϭ0.0001; Table 1 ). Prespecified subgroup analyses revealed no heterogeneity in the effect of GIK on LCOE (Figure 3 ).
Secondary End Points
Hemodynamic Data
Cardiac index was higher in the GIK group from the beginning of treatment until 12 hours after removal of the cross-clamp (Pϭ0.0001; Figure 2 ). Throughout the study, heart rate, central venous pressure, and pulmonary artery wedge pressure were similar between groups.
Inotrope and Vasoconstrictor Use
The use of GIK was associated with a significant reduction in the use of inotropes during the infusion period (nϭ35 patients [33. 0%] in the control group versus 13 patients [11.9%] in the treatment group; odds ratio, 0.27; 95% confidence interval, 0.13 to 0.57; Pϭ0.0006). This difference continued from 6 to 12 hours ( Table 2 ). The use of a GIK infusion was also associated with an increase in the prevalence of vasoconstrictor use in the period between baseline and 6 hours after removal of the aortic cross-clamp (48 patients [45.3%] in the control group versus 70 patients [64.2%] in the GIK group; Pϭ0.005). The difference in vasoconstrictor use was reduced in the 6-to 12-hour period, but evidence of increased vasoconstrictor requirements remained (Pϭ0.02; Table 2 ).
Myocardial Injury
ECG evidence of myocardial injury occurred in 9 patients (8%) in the control group and 6 patients (5.5%) in the GIK group (Pϭ0.67). When accounting for both surgeon and intention to perform CABG using a continuous outcome, we found no significant difference in plasma troponin levels between treatment groups. At 6 hours, the difference in means was Ϫ0.01 (95% confidence interval, Ϫ0.09 to 0.07; Pϭ0.81).
Akt and AMPK Signaling and Protein O-GlcNAcylation
Akt, AMPK, and O-GlcNacylation was studied in 16 patients (8 GIK and 8 control subjects) undergoing isolated AVR. There were no significant differences in the preoperative demographics or in the echocardiographic markers of function between groups. Immunoblotting demonstrated a Ϸ2.5fold increase in the ratio of phospho-Akt to pan-Akt (Pϭ0.03) and a Ϸ1.7-fold increase in the ratio of phospho-AMPK to AMPK (Pϭ0.0004; Figure 4A and B, respectively). Visual inspection suggested that there was more prominent O-GlcNAcylation in the GIK group. Individual band analysis suggested that in the GIK group a band of Ϸ60 kDa manifested Ϸ1.85-fold more O-GlcNAcylation than control subjects (Pϭ0.004). Protein loading was assessed by GADPH and ␤-tubulin. Band densitometry was performed with the Quantity One package.
Discussion
In this trial of GIK in addition to standard myocardial protection during AVR and combined AVR and CABG, GIK treatment resulted in a significant reduction in LCOE. There was an associated significant reduction in the use of inotropic support, but there was an increase in the need for vasoconstrictor therapy. The addition of GIK, however, had no effect on the incidence of postoperative myocardial infarction on ECG criteria or on serial plasma troponin release. We also report that GIK therapy was associated with an increase in dynamic posttranslational protein modification, including AMPK and Akt phosphorylation and protein O-GlcNAcylation, that may have contributed to the beneficial cardioprotective effect of GIK.
The results of this trial are likely to correspond to real-world clinical practice; the median logistic Euro-SCORE of the patients not recruited during the study period was 5.1 (IQR, 2.3 to 8.2) compared with 4.5 (IQR, 2.8 to 7.1) for patients enrolled, suggesting a nonlikelihood of bias. Additionally, the incidence of inotrope use in patients randomized to control is similar to that of patients not enrolled (data not shown).
We previously studied the use of GIK in patients undergoing isolated CABG and demonstrated a similar improvement in cardiac hemodynamic performance and a reduction in the need for inotropic support. 11 However, the magnitude of effect seen in relation to GIK therapy in this study was significantly greater than that which we have previously reported. All the patients randomized in this trial manifested significant LVH secondary to aortic stenosis. LVH has been shown to be associated with an impairment in cardiac energetics manifested by a reduction in the ratio of phosphocreatine to ATP on magnetic resonance spectroscopy and a downregulation in metabolism. 10, 32 This energetically impaired myocardium may be more vulnerable to ischemia/ reperfusion injury and may thus derive greater benefit from improved metabolism.
In both of these studies, although hemodynamic indexes were improved, no significant effect on plasma troponin T (TnT) levels was demonstrated. The discrepancy between improved hemodynamic performance and TnT release has led to speculation that rather than improving myocardial protection, GIK increases cardiac output simply by vasodilatation. 33 Consistent with this hypothesis, we have detected an increase in the need for vasoconstriction in patients treated with GIK. Although there is evidence to suggest that TnT release has modest prognostic value in cardiac surgery, 34 myocardial protection in cardiac surgery is highly efficacious, and the majority of patients undergoing surgery have only a modest TnT rise of insignificant value. Myocardial necrosis with TnT release is the end stage of a series of reversible and finally irreversible steps that the myocytes undergo during ischemia/ reperfusion, and significant TnT release occurs in only a minority of patients undergoing cardiac surgery. Myocardial stunning, however, is more common after cardiac surgery, is likely to significantly contribute to LCOE, is not necessarily associated with TnT release, 35 and may be responsive to GIK therapy. The dissociation of the influence of GIK on LCOE and TnT release may thus be explained by the impact of GIK on myocardial stunning rather than necrosis per se. Recovery from perioperative myocardial stunning involves normalization of intermediary and oxidative metabolism, resulting in restitution of myocardial energy reserves, reversal of cell swelling, and gradual accumulation of the total adenine nucleotide pool. The more established role for insulin in cardioprotection is through amelioration of myocardial metabolism, including a switch from deleterious free fatty acid metabolism to more efficient glucose metabolism. Such a role for GIK has been extensively established in experimental studies. 22 However, in addition to the metabolic benefits conferred by GIK, recent studies have adduced a role for pH homeostasis 36 and insulin-mediated antiapoptotic and cardioprotective signaling pathway activation. 23 Thus, although it is likely that the main cardioprotective action of GIK is through a shift to more efficient metabolism, we investigated whether myocardial signaling events contributed to GIK-related myocardial protection.
Insulin, acting through the tyrosine kinase activity of the insulin receptor, phosphorylates and activates insulin receptor substrate-1 and -2, which in turn activate PI3K. PI3K activation generates phosphoinositide-3,4,5 triphosphate, which mediates the phosphorylation and activation of Akt. In cardiomyocytes, Akt has been shown to protect against apoptosis after ischemia/reperfusion injury, 23 and as a corollary, pharmacological inhibition of Akt has been shown to abolish the cardioprotective effect of insulin. 23 To the best of our knowledge, the present study is one of the first to confirm, in accordance with the extensive animal model literature associating Akt phosphorylation with insulin treatment, that GIK activates Akt, which is likely to contribute to the benefits noted here. We also demonstrate a significant increase in AMPK phosphorylation. AMPK activation is known to play a crucial role in the regulation of cardiac energy metabolism and is thought to be an adaptive mechanism in cardiac ischemia. 37 However, the finding that AMPK phosphorylation is enhanced in the context of GIK may be considered paradoxical. 38 This apparent "paradox" is predicated on the observation that insulin, via activation of Akt, inhibits AMPK by phosphorylation of Ser 485/491 of ␣-AMPK. 39, 40 Reconciling these observations, it appears that although high insulin concentrations, especially in the absence of lipid, do indeed inhibit AMPK activity, the inhibitory effect of insulin on AMPK activity is relieved when insulin and lipid concentrations are more physiological (palmitate, 0.2 to 1.2 mmol/L). 41 Accordingly, we speculate that GIK in this study was able to activate Akt with its attendant benefits but suppressed systemic lipid levels to such a permissive level that the beneficial effects of AMPK activation were manifest during ischemia/ reperfusion. 42 The magnitude of kinase activation in this study, however, may have been mitigated by hyperglycemia secondary to glucose infusion. There is a compelling association between hyperglycemia and increased mortality from myocardial ischemia, whether in the context of myocardial infarction 43, 44 or coronary surgery. 45 This effect of hyperglycemia is due, at least in part, to the hyperglycemia-induced decrease in myocardial Akt activation and may have been relevant to the present GIK study. 46 We also observed an increase in protein O-GlcNAcylation. This is the first evidence of O-GlcNAcylation in humans and its potential interaction with insulin. Protein O-GlcNAcylation refers to the posttranslational modification of serine and threonine residues of nuclear and cytoplasmic proteins by O-GlcNAc. This modification is emerging as a key regulator of a number of critical biological processes, including nuclear transport, translation and transcription, signal transduction, and apoptosis, and in these settings, activation appears to be an endogenous stress response designed to enhance cell survival. 47 In the isolated perfused heart, ischemia has been shown to increase overall O-GlcNAc levels, 48 suggesting that this endogenous stress-activated pathway is active in the heart and that increased O-GlcNAc levels improved contractile function and decreased tissue injury after reperfusion. 49, 50 We speculate that insulin increases O-GlcNAcylation by increasing intracellular glucose flux and hence delivers cardioprotection. Which proteins are modified and the specificity of this process remain the subjects of intensive investigation.
Conclusions
In patients with significant LVH, the addition of perioperative GIK therapy to standard myocardial protective techniques resulted in a significant reduction in LCOE. We observed a significant reduction in inotrope use but a corresponding rise in vasoconstrictor use, secondary to the known vasodilatation associated with insulin, that consequently resulted in no reduction in postoperative resource use. Although the mortality in this trial was significantly lower than predicted, this study was not powered to detect a difference in mortality. Although we present novel human data supporting the role of metabolic modulation, insulin signaling pathway activation (eg, via traditional pathways such Akt and AMPK activation), and protein O-GlcNAcylation in insulin-mediated cardioprotection, these data are preliminary and necessarily only hypothesis generating. Further evidence is required to ascertain whether this protective pathway is responsible for improved myocardial protection in the context of GIK therapy.
